generally considered to be a measure of effective renal plasma flow (ERPF). It is efficiently extracted by the proximal tubules, and its clearance is almost equal to the clearance of para-aminohippuric acid (PAH). 13 In fact, a decrease in OIH clearance is often interpreted as a decrease in renal plasma flow, and this tendency is illustrated in the title of a recent article describing a camera-based technique for determination of OIH clearance, "Individual renal plasma flow determination in two minutes." 4 OIH clearance is proportional to renal plasma flow as long as the fraction of OIH extracted by the kidney remains constant. If the extraction fraction decreases but renal plasma flow remains the same, OIH clearance will decrease. The resulting decrease in OIH clearance will represent a decrease in ERPF, but it will not represent a decrease in total renal plasma flow.
Renal Artery Stenosis and Ischemia

Effect on Renal Blood Flow and Extraction Fraction
Andrew Taylor, Jr, Dennis Eshima Abstract The clearances of [
131 I]orthoiodohippurate and Tc-mercaptoacetyltriglycine provide a measure of effective renal plasma flow, yet these clearances are proportional to renal plasma flow only if the extraction fraction remains constant. To determine the effect of unilateral renal artery stenosis, captopril, renal ischemia, and partial renal vein occlusion on renal blood flow and the extraction fraction of [ l3 'I]orthoiodohippurate, Tc-mercaptoacetyltriglycine, and [
l25 I]iothalamate, we conducted a series of constant infusion studies in Sprague-Dawley rats. Renal artery flow reduction of approximately 70% decreased the extraction fraction of all three agents (Ps.05). Captopril had no effect on extraction fraction in controls, but it produced a further decrease in extraction fraction of "Tc-mercaptoacetyltriglycine and [ 131 I]orthoiodohippurate in rats with renal artery stenosis (Ps.05). Ischemia resulted in a 16% decrease in flow (P<.01) but a much larger (47% to 65%) decrease in extraction fraction of all three agents (P<.002). Partial renal vein occlusion also decreased the extraction fraction of all three agents (Ps.05). The changes in extraction fraction imply that the clearances of [ 131 I]orthoiodohippurate and "Tc-mercaptoacetyltriglycine in disease states may not be proportional to renal plasma flow. Furthermore, in rats with renal artery stenosis it appears that renal blood flow must fall below a critical threshold of approximately 58% before extraction fraction decreases; as renal blood flow is further reduced below this threshold, there is a corresponding reduction in extraction fraction (P<.01). (Hypertension. 1994^3:96-103.)
Key Words • renal artery obstruction • captopril • ischemia I odide-131 orthoiodohippurate (OIH) clearance is generally considered to be a measure of effective renal plasma flow (ERPF). It is efficiently extracted by the proximal tubules, and its clearance is almost equal to the clearance of para-aminohippuric acid (PAH). 13 In fact, a decrease in OIH clearance is often interpreted as a decrease in renal plasma flow, and this tendency is illustrated in the title of a recent article describing a camera-based technique for determination of OIH clearance, "Individual renal plasma flow determination in two minutes." 4 OIH clearance is proportional to renal plasma flow as long as the fraction of OIH extracted by the kidney remains constant. If the extraction fraction decreases but renal plasma flow remains the same, OIH clearance will decrease. The resulting decrease in OIH clearance will represent a decrease in ERPF, but it will not represent a decrease in total renal plasma flow.
We recently showed that simultaneous infusion of PAH with tracer doses of technetium-99m mercaptoacetyltriglycine (MAG3) and OIH diminished clearances of MAG3 and OIH compared with their baseline values, probably because of competitive inhibition of the tubular transport sites by PAH. 5 Although we did not measure renal plasma flow directly, the glomerular filtration rate (GFR) was unchanged, and renal plasma flow presumably was unaffected despite the decrease in OIH and MAG3 clearances. A decrease in the renal extraction fraction of OIH in patients with renal artery stenosis also has been reported by Wenting and his colleagues 67 ; furthermore, this fall in extraction fraction was accentuated by the administration of captopril. 6 -7 These authors postulated that the decrease in extraction fraction was due to a reduced renal transit time, but other possible mechanisms include altered intrarenal blood flow with shunting of blood away from the proximal tubules or proximal tubular ischemia resulting in diminished transport. Because OIH, MAG3, and technetium-99m diethylenetriaminepentaacetic acid (DTPA) are all used to evaluate acute tubular ischemia in renal transplant patients and also to detect renovascular hypertension, we undertook a study to clarify the effect of renal artery stenosis, captopril, and renal ischemia on renal plasma flow and extraction fraction.
Methods
General Animal Preparation
Male Sprague-Dawley rats (Charles River Laboratories, Raleigh, NC) weighing between 250 and 350 g were used for all studies. Animals were anesthetized with ketamine hydrochloride (100 mg/kg IP) and placed on a heated surgical table; supplemental intraperitoneal ketamine (5 to 10 mg/kg) was administered as needed, approximately every 30 minutes throughout the studies. After a tracheostomy, the left jugular vein was cannulated with two pieces of PE-50 tubing, one for infusion of radiopharmaceuticals and one for infusion of normal saline to maintain hydration. The right carotid artery was cannulated for blood sampling. In animals receiving captopril, the right jugular vein was cannulated with PE-50 tubing for captopril infusion. The core temperature of each animal was continually monitored throughout the study with a rectal temperature probe (Digital Thermometer 500, VWR Scientific Corp, San Francisco, Calif).
We used high-performance liquid chromatography (Beckman Instruments, San Ramon, Calif) to purify T c -M A G 3 (10 [ jiCi/mL), which were infused at a flow rate of 1.5 mL/h for 45 to 60 minutes through the left jugular vein. To measure extraction fraction under our constant-infusion conditions, we used the method described by Westenfelder et al 8 ; a left renal venous blood sample (0.5 mL) was obtained followed by a 3-mL carotid arterial sample. Both blood samples were centrifuged within 5 minutes to obtain a plasma sample. The extraction fraction (EF) was calculated by the following equation: EF=(Arterial Concentration-Venous Concentration)/Arterial Concentration. No correction was made for [ 131 I]OIH movement out of the red blood cells; T c -M A G 3 does not enter the red cells, or it does so only to a limited degree. 9 - 12 The samples were initially counted in a dual-channel well counter (Gamma 5500, Beckman Instruments, Fullerton, Calif) for T c and '-"I, with corrections made for scatter from the higher-energy I3 'I photons into the T c channel. The " T c was then allowed to decay to background, and the samples were recounted for Statistics were performed using a paired t test, t test for independent samples, or the Wilcoxon signed rank test as appropriate; data presented in the Figure were analyzed using a piecewise linear regression model.
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Control Animals
Five Sprague-Dawley rats underwent a sham operation with exposure of the left renal pedicle. The animals were allowed to recover, and extraction fraction was measured 24 hours later.
Rats With Renal Ischemia
Nine Sprague-Dawley rats were anesthetized as described previously. The renal artery was isolated and blood flow measured using a square-wave electromagnetic flowmeter (model FM5010, Carolina Medical Electronics, King, NC). For calibration of the instrument, the carotid artery was excised and fitted with a piece of PE-50 tubing at each end, with one end of the tubing attached to a 10-mL syringe filled with heparinized rat blood. The probe was placed on the artery and calibrated based on a known rate of flow that was controlled by an infusion pump (Sage Instrument Co, Cambridge, Mass). After the measurement of renal blood flow, 0.05 mL heparin (1000 U/mL) was injected intravenously, the renal artery was cross-clamped for 30 minutes then released, and the contralateral kidney was removed. The animals were allowed to recover for 24 hours. At that time, they were again anesthetized, renal blood flow was measured, and extraction efficiency was determined.
At the time of the study described above, we did not have the equipment to measure intraoperative blood pressure. To make certain that a fall in blood pressure did not affect the results, we subsequently repeated the study in nine additional rats. During this second study, blood pressure was measured with a pressure transducer and output recorder (models 78205A and 78201B, Hewlett-Packard Co, Burlington, Mass) connected to the carotid arterial line via a three-way stopcock.
Extraction Fraction in Rats With Acute Renal Artery Stenosis
Flow to the left renal artery was reduced by 58% to 79% of baseline in eight Sprague-Dawley rats with a silk ligature (n=7) or McKenzie clip (n=l). Extraction fractions were measured in the stenotic and contralateral normal kidneys 30 minutes after flow reduction. Two additional rats had flow reductions of 25% and 50%, respectively, in these rats the extraction fractions were measured only in the stenotic kidneys, and these data are incorporated in the Figure. 
Extraction Fraction in Rats After 24 Hours of Renal Artery Stenosis
Left renal artery blood flow was measured in 11 Sprague-Dawley rats. Blood flow was then reduced by 46% to 79% by placement of a silk ligature (n=8) or Kopecky clip (n=3).
M The animals were allowed to recover for 24 hours; flow was again measured in the left renal artery, and extraction fraction was measured for both kidneys.
Effect of Partial Renal Vein Obstruction and Captopril on Extraction Fraction
For measurement of the effect of captopril, it was necessary to measure a baseline extraction fraction, administer captopril, and measure a second extraction fraction. In our previous studies, 515 we measured extraction fraction by withdrawing blood from the carotid artery and renal vein. Once the needle is withdrawn from the renal vein, the vein oozes blood, and the extraction fraction measurement has to be the terminal measurement. To avoid this problem and allow two measurements of extraction fraction in the same kidney, we placed a catheter in the inferior suprarenal vein 16 and threaded it into the left renal vein. Two renal vein samples then could be obtained. This procedure was designed to evaluate the effect of captopril on the extraction fraction of kidneys with a stenotic renal artery; however, we first had to determine the effect of the renal vein catheter in rats with normal renal arteries. This procedure provided a model with which to address the effect of a partial renal vein occlusion on extraction fraction. The extraction fraction of the right kidney was measured as previously described. 4 ' 15 Renal blood flow was not measured in this group of animals.
Effect of Captopril on Extraction Fraction After 24 Hours of Left Renal Artery Stenosis
We undertook a study to determine the effect of captopril on extraction fraction in rats with renal artery stenosis. Flow to the left renal artery was measured, reduced by 41% to 64%, and measured 24 hours later. The inferior suprarenal vein was then catheterized. Extraction fractions for the left kidney were measured before and after captopril, and the extraction fraction of the right kidney was measured after captopril. Captopril was infused at the rate of 8.3 /xg/kg per minute for 30 minutes and then continued while the extraction fraction measurements were obtained.
Results
Controls
The extraction fractions (mean±SD) of MAG3, OIH, and [ 125 I]iothalamate in six control rats were 81.5±6.3%, 74.0±6.0%, and 31.2±5.0%, respectively.
Rats With Renal Ischemia
There was a significant decrease (Ps.002) in the extraction fraction of MAG3, OIH, and [ (Table 1 ). The mean decrease in the extraction fractions of MAG3, OIH, and [
125 I]iothalamate were 47%, 54%, and 65%, respectively, and were much more pronounced than the 16% decrease in renal blood flow. The decrease in renal blood flow may have been more pronounced had a contralateral nephrectomy not been performed.
The study was repeated in a second group of nine rats except that blood pressure was monitored during the study. The results (not presented in tabular format) were similar to those obtained with the first group of rats. The extraction fractions of MAG3, OIH, and [ there was no significant decrease in blood pressure (129±13 before and 124±12 mm Hg in the middle of the study).
Acute Renal Artery Stenosis
Mean blood flow to the stenotic left kidney was reduced by 69.4%. The mean extraction fraction of MAG3 by the stenotic kidney was 55.3%, significantly less than the mean 83.5% extraction fraction of the contralateral right kidney (P=.O2) ( 12i I]iothalamate by the stenotic kidney were 89%, 71%, and 23% and 83%, 68%, and 36%, respectively; the contralateral kidney was not studied. The OIH extraction fraction data from these studies are included in the Figure.
Renal Artery Stenosis (24 Hours)
Twenty-four hours after placement of the clip or ligature, mean renal blood flow to the left kidney in the study animals was reduced by approximately 61% (Table 3). The MAG3 extraction fraction of the stenotic left kidney was 62%, significantly less than the 83% extraction fraction of the nonstenotic right kidney (f<.01) ( Table 3 ). There were similar decreases in the extraction fractions of OIH (P<.02) and [ 125 I]iothalamate (P<.01). These differences were even more significant for flow reductions greater than 58%.
Effect of Partial Renal Vein Obstruction and Captopril on Extraction Fraction
The extraction fractions of MAG3 and OIH by the left kidney with partial renal vein obstruction (a catheter in the left renal vein) were both decreased compared with control values (P<.05); the infusion of captopril had no additional effect on extraction fraction of either of these tracers ( Table 4 ). The extraction fraction of [ 12i I]iothalamate by the kidney with partial renal vein occlusion was also decreased (/ ) <.05).
Effect of Captopril on Extraction Fraction After 24 Hours of Left Renal Artery Stenosis
Flow in the left renal artery was reduced by approximately 60% in six Sprague-Dawley rats; there was no significant difference in the flow reduction measured acutely and 24 hours later (Table 5 ). After the 24-hour flow measurement, a catheter was threaded into the left renal vein so that the extraction fraction could be measured before and after captopril. The mean extraction fraction of MAG3 by the stenotic left kidney with a renal vein catheter was 48.7%; this value was significantly less than the 69.7% extraction fraction of a nonstenotic left kidney with a renal vein catheter (.P<.05) ( Tables 4 and 6 ). After captopril, there was a small but significant decrease in the extraction fraction of MAG3 by the stenotic kidney, from 48.7% to 43.5% (P<.01) ( 
Discussion
The clearance of OIH (and now MAG3) is described as a measure of ERPF. Although it is tempting to equate ERPF with renal plasma flow, one is strictly a measure of flow and the other depends on the renal plasma flow and extraction fraction; extraction fraction depends on the intrarenal flow distribution and tubular function. If the extraction fraction were 100%, the clearance of OIH (ERPF) would equal the renal plasma flow. As can be seen in Tables 1 through 6 , the extraction fractions of both OIH and MAG3 are less than 100% under baseline conditions, and both can be further decreased by ischemia, partial occlusion of the renal vein lumen, and renal artery stenosis.
The reductions in renal blood flow ranged from 0% to 79%. Higher degrees of acute flow reduction led to obvious ischemia at surgery or infarction 24 hours later. A review of the data presented in "Results" and in Tables 2 and 3 suggested that blood flow reductions of less than 50% to 60% had little effect on extraction fraction; above this threshold, extraction fraction appeared to decrease in proportion to the decrease in blood flow. To explore this hypothesis further, we fit a piecewise linear regression model to the data. 13 The join point for the piecewise regression fit was estimated statistically to be equal to a blood flow reduction of 58%. The piecewise regression model yielded the following estimated ejection fractions (EF): EF=74.206-0.198 flow for flow reductions <58%, and EF= 140.285-1.337 flow for flow reductions >58%. The slope of the regression line for flow reductions less than 58% is not statistically different from zero (P=.23), suggesting no linear relation between extraction fraction and flow reductions between 0% and 58%. In contrast, the results in rats with flow reductions equal to or greater than 58% show a statistically significant (/ > <.O1) inverse linear relation between extraction fraction and flow (Figure) .
In rats with renal artery stenosis and a mean flow reduction of 62.1%, the extraction fraction of OIH fell by 19 .6% compared with the contralateral nonstenotic right kidney (Table 3 ). The extraction fraction of the GFR marker, [
12i I]iothalamate, was 35.1% in the nonstenotic kidney compared with 21.2% in the stenotic kidney (Table 3) . Data from prior studies show OIH to be 41% protein bound in rats 5 ; hence, 59% is available for filtration. Based on the GFR data, approximately 40% of the reduction in the OIH extraction fraction (8.5% of 19.6%) can be explained by the reduction in GFR. GFR has less of an effect on the extraction fraction of MAG3, which is 78% protein bound in rats 5 and 88% protein bound in humans. 17 Because OIH is more highly protein bound in humans (65%) 17 and the filtration fraction in humans is approximately 20% compared with 35% to 40% in rats, the effect of GFR can explain no more than 20% of the decrease in the extraction fraction of OIH observed by Wenting et al 67 in humans with renal artery stenosis.
These observations are important in understanding the pharmacokinetics of MAG3 and OIH in patients with impaired renal function. For example, renal blood flow may be decreased in kidneys with acute ischemic injury, but flow may also be relatively well preserved despite the fact that GFR or the clearance of OIH or MAG3 may be substantially decreased (Tables 2 and  3) clearance, so an independent measure of flow may provide useful diagnostic or prognostic information in ischemic injury. Evaluation of flow by a visual analysis of a 2-second display of the radionuclide angiogram may have substantial interobserver variation; therefore, a reliable, quantitative analysis of flow is desirable. 21 Catheterizing the inferior suprarenal vein and threading the catheter into the renal vein is technically difficult; however, once the catheter is in the renal vein, it partially obstructs the renal vein lumen and provides a model of partial renal vein thrombosis. Flow was not measured in the rats with partial obstruction of the This table describes flow reduction for the study summarized in Table 6 .
Plot shows data comparing flow reduction and extraction fraction (EF) fit by a piecewise linear regression model. Results showed that blood flow reductions ranging from 0% to the join point of 58% had no significant effect on extraction fraction. As renal blood flow was further reduced below this 58% threshold to the maximum flow reduction of 79%, there was a statistically significant (P<.01) inverse linear relation between extraction fraction and flow. OIH indicates orthoiodohippurate. 
6.4
MAG3 indicates mercaptoacetyttriglycine; OIH, orthoiodohippurate; and IO, krthalamate. Partial renal vein occlusion was achieved by placement of a catheter in the left renal vein. The catheter was threaded through the inferior suprarenal vein into the left renal vein to obtain renal vein blood samples before and after captopril infusion. There was a slight but significant decrease in extraction fraction of ""TC-MAG3 and OIH after captopril (P<.03), but the decrease for iothalamate did not reach significance. In a series of hypertensive rats with two kidneys and unilateral renal artery stenosis (2K1C), McAfee et al 22 reported that the OIH clearance of the stenotic kidney was unchanged after captopril and furosemide, whereas the clearance of the contralateral kidney increased by 21%. Lee and Blaufox 23 reported no change in OIH clearance in rats with normal kidneys after captopril; in their 2K1C hypertensive model, however, the administration of captopril resulted in a 40% decrease in the clearances of OIH and MAG3 in the stenotic kidney and a 10% increase in the nonstenotic kidney. Our experimental model differed from both of these studies in that we were studying the effects of captopril on 2K1C rats with an acute stenosis. We also infused a relatively low dose of captopril, and the effect of captopril on clearance and extraction fraction may be dose dependent. 6 -23 Under these conditions we noted a small but significant decrease in the extraction fraction of OIH and MAG3 in the stenotic kidney and no change in the nonstenotic kidney.
The differences in these three studies can be reconciled if, in the study of McAfee et al, 22 renal perfusion increased after captopril; the increased perfusion to the stenotic kidney could have compensated for the decrease in extraction fraction such that the clearance of OIH by the stenotic kidney could have remained the same, whereas increased flow to the contralateral kidney would have resulted in an increased OIH clearance. Our data (no change in the extraction fraction of the contralateral kidney) would then be consistent with the observed increase in clearance to the contralateral kidney reported by McAfee et al and Lee and Blaufox. 23 The difference in the effect of stenosis in the 2K1C rats reported by McAfee et al (no change) and Lee and Blaufox (40% decrease) may reflect differences in the degree of stenosis in their models, because our data suggest that a tighter stenosis is associated with a greater drop in extraction fraction that may be additive to any reduction in clearance caused by a decrease in renal blood flow.
Wenting et al 6 measured the OIH extraction fraction in 12 patients with unilateral renal artery stenosis. The mean extraction fraction of OIH in these 12 patients was 62%; after captopril there was a significant decrease in mean extraction fraction to 44%. In a separate study of 25 hypertensive patients with unilateral renal artery stenosis, Wenting et al 7 reported that the extraction fraction of OIH by the stenotic kidney decreased from 54% to 34% with captopril, whereas the extraction fraction of the contralateral kidney decreased only from 74% to 66%. Despite the decrease in extraction fraction, overall OIH clearance was unchanged, implying an increase in renal plasma flow. 7 The authors postulated that the decrease in extraction fraction was due to a shortened plasma transit time through the kidney caused by the vasodilation induced by captopril.
This hypothesis, however, does not explain a more pronounced precaptopril reduction in the extraction fraction in the stenotic kidney (54%) compared with the contralateral normal kidney (74%). Furthermore, it fails to explain why captopril produced only an 8% (74% to 66%) decrease in the extraction fraction of the normal kidneys, whereas there was a 20% decrease (54% to 34%) in the extraction fraction of the stenotic kidneys. 7 Finally, the patients of Wenting et al 7 ' 17 had a mean precaptopril blood pressure of 205/114 mm Hg and mean ERPF of 328 mL/min, which is approximately 50% of normal and implies either underlying renal disease or a very high resistance to flow. 7 ' 17 Their postulate of increased renal blood flow secondary to a decreased afferent and efferent arteriolar resistance after captopril is probably correct, but based on our studies, the explanation for the fall in extraction fraction is probably incorrect.
The decrease in extraction fraction could result from an intrarenal redistribution of blood flow or proximal tubular ischemia in association with a large decrease in the transglomerular pressure gradient that could not be reversed by efferent arteriolar vasoconstriction. Gotshall et al 24 estimated that renal blood flow would have to be reduced by approximately 85% in dogs before oxygen delivery would fall below baseline renal oxygen consumption. This 85% value is close to the mean flow reductions of 70.1+8.9% and 62.1 ±10.4% achieved in our anesthetized rats (Tables 2 and 5 ). Opposed to this hypothesis is the observation that renal vein oxygen saturation is actually higher in the venous blood of the kidney with unilateral renal artery stenosis than it is in the contralateral nonstenotic kidney; the decrease in oxygen utilization in the stenotic kidney is postulated to be due to a fall in filtration fraction and filtered sodium, with a subsequent reduction in absolute tubular reabsorption of sodium ions. 25 A decrease in filtered sodium could result from an intrarenal redistribution of blood flow. An intrarenal redistribution of blood flow has been reported by Almg&rd et al 26 in their description of arteriovenous anastamoses in canine renal allografts.
Kountz et al 27 left indwelling renal artery and renal vein catheters in 11 transplant recipients for 14 days and made serial measurements of the PAH and OIH extraction fractions, inulin clearance, and renal plasma flow. 27 In the 8 patients having an uncomplicated course, they observed an elevated renal plasma flow associated with a low filtration fraction and relatively low extraction fractions of OIH and PAH. In 3 patients with rejection, the first abnormalities were a decline in GFR and OIH clearance, without a proportionate fall in renal blood flow. They postulated that the low extraction fractions of PAH and OIH may have been related to the molecular size of the tracers and to high rates of renal blood flow limiting diffusion from the plasma. However, this explanation cannot explain the low filtration fraction of inulin (9%), nor does it explain the observation that inulin clearance decreased in the patients with rejection without a change in renal plasma flow.
Finally, clinical studies have shown that the stenotic and contralateral normal kidneys of some patients with unilateral renovascular hypertension may have equal uptake of MAG3, DTPA, or OIH; on the other hand, other patients have decreased tracer uptake in the stenotic kidney compared with the contralateral nonstenotic kidney. 28 - 30 Based on our animal studies, a decrease in extraction fraction superimposed on any effect due to differences in renal blood flow may help explain the decreased uptake of OIH or MAG3 in a stenotic kidney under baseline conditions compared with the contralateral normal kidney. These observations may help explain the variable scan appearances in renovascular hypertension and suggest that baseline or captopril-induced asymmetrical renal uptake of OIH or MAG3 may represent a functionally tighter stenosis in patients with renovascular hypertension than scans that show symmetrical renal uptake of the tracers. Moreover, the decrease in extraction fraction is unlikely to represent a shortened renal transit time. Finally, tubular ischemia or, more likely, an intrarenal redistribution of blood flow provides alternative mechanisms to explain these results, but these possibilities are speculative and suggest directions for future studies.
